Hypotrichous ciliated protozoa undergo an extensive genome reorganization process during their life cycles (for reviews, see references 32 and 47) . The ability of these unicellular organisms to drastically alter their genome yet maintain genetic continuity stems from the fact that each cell contains two distinct nuclei. The micronucleus, which contains chromosome-sized DNA, is transcriptionally inactive but plays a major role during the sexual phase of the life cycle and is often referred to as the germ line nucleus. In contrast, the macronucleus is responsible for all nuclear transcription during vegetative growth and is equivalent to a somatic nucleus. The macronuclear genome is unusual in that it is composed of 10,000 to 20,000 different short, linear, gene-sized DNA molecules with an average size of approximately 2 kilobase pairs (kbp). There are generally 1,000 or more copies of each linear DNA molecule per macronucleus, and each appears to be an independent genetic unit which contains the information required to encode and express a single gene product (20, 27) as well as to allow its own replication.
Despite its unusual genetic organization, the macronucleus replicates and divides during each vegetative cell cycle. However, after the sexual phase of the life cycle, the macronucleus is destroyed and a new one is generated from a mitotic copy of the micronucleus. It is during this process of macronuclear development that extensive genomic changes occur, giving rise to the unique genetic organization of the macronucleus. At the cytological level, macronuclear development begins with the replication of the micronuclear chromosomes to form polytene chromosomes. The polytene chromosomes are then broken into many pieces, and the individual fragments are encased in vesicles. Once the vesicles form, extensive but selective DNA degradation occurs, resulting in the loss of up to 95% of the sequence complexity of the micronuclear genome. The vesicles then break down, and the remaining DNA molecules undergo additional rounds of replication to form the highly amplified macronuclear genome. Thus, macronuclear development includes steps of micronuclear chromosome fragmentation, DNA elimination, and DNA amplification.
On the basis of the comparison of cloned macronuclear DNA molecules with their developmental precursors, a number of additional features of micronuclear genome organization and reorganization have been deduced. First, macronuclear DNA molecules have been found to be clustered in the micronuclear genome and are generally separated by fewer than 500 bp (9, 34, 25, 26) . Second, macronuclear telomeres, consisting of repeats of the octanucleotide 5'-CCCCAAAA-3' (C4A4 repeats), are not present at the ends of the micronuclear precursors of macronuclear DNA molecules but are added during the course of macronuclear development (11, 31, 39) . Third, the micronuclear precursors of macronuclear DNA molecules frequently contain short blocks of DNA (internal eliminated sequences [IESs] ) that are not present in the mature macronuclear DNA molecule (23, 31, 40) , which implies that nucleic acid splicing also occurs during development. In Oxytricha nova, IESs range in size from 14 to 500 bp, and approximately 60,000 have been estimated to occur in the micronuclear genome (40) .
Large, moderately repetitive DNA elements that are eliminated during development also exist in the micronuclear genome, but their significance is poorly understood (9, 25, 26) . These elements are often found in association with clusters of macronuclear DNA precursors, and Jahn et al. (25) have presented preliminary evidence that such a repetitive element interrupts the micronuclear precursor of a macronuclear DNA molecule in Eiuplotes crasslus. Similarly, Herrick et al. (22) (15, 28) , although to a more limited extent. For example, macronuclear development in T. thermophila entails only a few hundred chromosome fragmentation events (3) and approximately 5,000 DNA breakage and joining events similar to those of the IES removal phenomenon described above (50) .
Although the above studies have provided insights into the type of events occurring during hypotrich macronuclear development, they provide little information on the molecular mechanisms involved in the various rearrangement events. Further progress in this area would be aided greatly by an experimental system that would allow one to follow the processing of defined segments of micronuclear DNA durng the course of macronuclear development and ultimately to develop in vitro systems for particular rearrangement processes. Unfortunately, the most well-studied hypotrichs at the molecular level present major difficulties in pursuing such studies. Stylonychia lemnae has a very complex micronuclear genome (5) with a variable chromosome constitution (4) . This has made it difficult to obtain cloned precursors of macronuclear DNA molecules. In contrast, well-characterized cloned segments of micronuclear DNA are available for the hypotrichs 0. nova and 0. fallax, but the common laboratory strains of these organisms have lost the ability to mate efficiently and to produce viable sexual offspring.
In view of these limitations, we have sought to develop the hypotrich E. crassus as a model organism to study the dynamics of macronuclear development. E. crassus has a relatively small micronuclear genome of 1.7 x 109 bp (32) , so that obtaining recombinant clones of desired regions of the micronuclear genome is relatively straightforward. In addition, this organism possesses a defined mating system (19) that allows control of the sexual cycle and, hence, of macronuclear development. The ability to generate large numbers of cells synchronously proceeding through macronuclear development and the utility of the system for detecting developmental DNA intermediates have both been demonstrated (42, 43) . In (42) .
DNA isolation. For the isolation of total cellular DNA, 10 to 20 liters of E. crasslus were grown until the algal food supply was exhausted and then were starved for an additional 1 to 2 days. The cultures were then filtered through a 35-p.m nitex membrane (Tetko, Inc., Lancaster, N.Y.) to remove large algal debris. The cells were harvested by collection on a 15-,um nitex membrane, and the concentrated cells were centrifuged at 100 x g for 1 min. DNA was then isolated from cells as described for the hypotrichous ciliate 0. nova (33) .
Micronuclear DNA was isolated from total cellular DNA by taking advantage of the fact that micronuclear DNA has a high molecular weight, while the macronuclear DNA consists of small molecules. Thus, it was possible to purify micronuclear DNA from macronuclear DNA by centrifugation of whole-cell DNA through linear 5 to 20% potassium acetate gradients (36) . Alternatively, total cellular DNA was subjected to electrophoresis in a 1% low-melting-point agarose gel, and the region of the gel containing high-molecularweight DNA was excised. The gel slice was then melted by heating it to 65°C and was loaded on a second 1% lowmelting-point agarose gel. The micronuclear DNA was again excised, digested in situ with the appropriate restriction enzyme when required, and purified from the gel as described by Kuhn et al. (35) .
DNA from recombinant bacteriophage was purified as described by Maniatis et al. (36) . Recombinant plasmid DNA was prepared as described by Godson and Vapnek (17) with minor modifications (36) .
Construction and screening of recombinant libraries. The construction of the E. crassus Gl macronuclear library (LEMAC library) has been described previously (6) . In brief, synthetic EcoRI linkers were added to total macronuclear DNA that had been previously treated with EcoRI methylase and blunt ended by treatment with T4 DNA polymerase. The resulting DNA molecules were then ligated into the EcoRI site of the bacteriophage vector XgtlO (24) . The resulting recombinant clones contain essentially full-length macronuclear DNA molecules and lack only the single-stranded telomeric region (33) .
An E. crassus G1 micronuclear recombinant DNA library (LEMIC library) was constructed by first performing a series of partial Sau3A digestions on total micronuclear DNA, pooling the digests, and fractionating them by electrophoresis on a 1% low-melting-point agarose gel. Sau3A fragments in the 9.4 to 23 kbp size range were excised from the gel, eluted, and ligated with lambda EMBL3 vector arms (16) (Stratagene, Inc., San Diego, Calif.) that had been generated by digestion with BamHI. The resulting DNA was packaged into phage particles by using the Gigapack system (Stratagene, Inc. Fig. 1 .
To determine the developmental fates of sequences within each of these clones, a series of restriction fragments spanning the length of the clones was generated, and each fragment was used individually to probe a Southern blot of native (i.e., undigested) E. cralssis total cellular DNA. Conceivably, these clones could contain three types of sequences which were distinguishable in the hybridization analysis: (i) sequences which give rise to macronuclear DNA molecules during development; (ii) unique, or low-copynumber, micronuclear DNA sequences that are eliminated during the development of the macronucleus; and (iii) highly repetitive micronuclear DNA sequences that are eliminated during macronuclear development. In the Southern hybridization analyses, regions of the micronuclear clones that give rise to macronuclear genes will show hybridization to discrete. low-molecular-weight DNA molecules (<20 kbp). In contrast, the micronuclear DNA contained within the total cellular DNA has a high molecular weight and migrates at the limit of mobility in the agarose gels. Under the conditions used, unique and low-copy-number micronuclear-limited sequences showed no hybridization, as homologous sequences are present in very small amounts. Repetitive micronuclear-limited sequences (>100 copies per genome), however, showed hybridization to high-molecular-weight, limited-mobility DNA. For these experiments, as well as for others presented below, it was assumed that high-molecularweight DNA is equivalent to micronuclear DNA. Micronuclear DNA has been demonstrated to be chromosomal and of high molecular weight in a number of hypotrich species (for a review, see reference 32), but it remains possible that some macronuclear sequences also fall into the high-molecularweight class.
The results of this type of analysis are shown for clone LEMICD (Fig. 2 ). Fragments A, B, C, and D, which were derived from the left end of the clone, hybridized exclusively to high-molecular-weight DNA and hence contained repetitive micronuclear DNA sequences that are eliminated during macronuclear development ( Fig. 1A and 2) . Similarly, the left end of clone LEMICV contained repetitive micronuclear-limited sequences (Fig. 1B) . Both clones also contained regions that hybridized to macronuclear DNA molecules. In the case of LEMICD, restriction fragments E, F, and G, derived from the central region of the cloned micronuclear DNA segment, detected 1.65-and/or 1.55-kbp macronuclear DNA molecules ( Fig. 1A and 2), indicating that these regions of LEMICD contain the micronuclear precursors of these macronuclear DNA molecules. We have designated the 1.65-and 1.55-kbp macronuclear DNA molecules D7 and D8, respectively. The rightward region of LEMICV shared homology with a number of macronuclear DNA molecules (Fig. 1B) . Fragments derived from this clone hybridized to 3.8-, 0.90-(this corresponds to the cloned V2 macronuclear DNA molecule used to select clone LEMICV), 1.8-, and 1.6-kbp macronuclear DNA molecules (Vl, V2, V3, and V4, respectively, in Fig. 1 ). Fragments L and M, located near the right end of LEMICV, hybridized to both V3 and V4 (Fig. 1B) . This presumably represents a case of alternative processing in which two macronuclear DNA molecules are derived from the same segment of micronuclear DNA, as has been observed for other hypotrich species (23, 30) .
The remaining regions of LEMICD (fragments H, I, J, and K. Figs. 1A and 2) showed no hybridization to whole-cell DNA and thus contained unique or low-copy-number sequences that are eliminated during macronuclear development.
Isolation and characterization of macronuclear DNA molecules derived from LEMICD and LEMICV. Recombinant clones of all of the macronuclear DNA molecules derived from LEMICD and LEMICV were isolated to characterize their micronuclear organization more thoroughly. This was done by using selected restriction fragments from the two micronuclear clones to screen a recombinant library of macronuclear DNA molecules (the LEMAC library). The clones isolated were designated by the name of the macronuclear DNA molecule preceded by LEMAC (e.g., LEMACD7, Fig. 1A ) or by p in cases in which the macronuclear DNA insert was subcloned into the plasmid vector pUC12 (49) to facilitate analysis (e.g.. pMACV3; Fig. IB) . VOL. 9. 1989 A. termini of the cloned macronuclear DNA molecules (Fig.  1A ). The sequences of these regions are shown in Fig. 3A and 3B. The sequences of the corresponding regions of the macronuclear and micronuclear clones were in complete agreement, providing strong evidence that the micronuclear clones do indeed contain the true developmental precursors of these macronuclear DNA molecules. However, as has been observed for other hypotrichous ciliates (11, 31, 39) , the micronuclear precursors of the D7 and D8 macronuclear DNA molecules lacked the telomeric C4A4 repeat sequences present at the ends of all macronuclear DNA molecules. These repeats are added to macronuclear DNA molecules during the course of macronuclear development. The sequencing results also indicated that the micronuclear copies of D7 and D8 are in close proximity, with only a 36-bp intergenic spacer separating them (Fig. 3A) . It should be noted that two variant forms of D8, defined by the presence or absence of a HaeIII restriction site (Fig. 1A) , exist in the macronuclear genome of E. crassus Gl, which was used to construct the recombinant libraries. In previous genetic analyses we have determined that these two forms are allelic (6) . The micronuclear and macronuclear clones analyzed here both contain the HaeIII-plus form of D8.
In the case of LEMICV, a more extensive sequencing analysis was undertaken. A 2,740-bp segment of the micronuclear clone (extending from the BglII site at the right end of the VI gene precursor, through the entire region giving rise to V2, and up to the HindlIl site at the left end of the V3 precursor) and the corresponding regions of the Vi, V2, and V3 macronuclear clones were sequenced (Fig. 1B) . As described above, the sequences of the macronuclear and micronuclear clones were in complete agreement (Fig. 3C) , with the exception of the macronuclear telomeric repeats and a number of IESs which are discussed further below. In the micronucleus, the right end of V2 is separated from the left end of V3 by a 400-bp intergenic spacer. In contrast, the right end of Vl overlaps the left end of V2 by 6 bp; that is, Vl and V2 share 6 bp of micronuclear DNA.
The sequence analysis included the entire V2 macronuclear DNA molecule. V2 was found to be 814 bp in length, excluding the telomeric repeats. The function of V2 is not clear, as no unambiguous open reading frame was found within this macronuclear DNA molecule. The region most likely to be involved in coding for a protein is an open reading frame extending from base 1276 to base 1533 of the sequence as shown in Fig. 3C . This region has a relatively high G+C content of 49.7%, which is a feature of coding regions in ciliated protozoa (28) and an elevated RNY/YNR ratio (2.27), which is a general characteristic of coding regions in many organisms (45) . However, this open reading frame does not begin with an initiation codon, which may indicate that the protein coding region of V2 is interrupted by an intron. Analysis of the transcript produced by V2 will be required to clarify the function, if any, of this macronuclear DNA molecule.
Finally, as noted above, hybridization analyses suggested that V3 and V4 are derived from the same region of LEMICV by alternative processing (Fig. 1B) . The sequencing data provide a strong indication that the V3 macronuclear DNA molecule is derived from the region of the micronuclear genome represented in clone LEMICV. No sequencing studies have been performed on the macronuclear V4 DNA molecule, so that alternative processing has not been rigorously demonstrated. However, cross-hybridization analyses performed with the two macronuclear DNA clones and LEMICV indicated that if alternative processing is involved it is likely to be complex, involving at least two distinct types of alternative rearrangement events. First, while the majority of V3 and V4 were found to crosshybridize, the 0.27-kbp Hindlll-to-end fragment of V3 did not hybridize to V4, and the 0.20-kbp EcoRI-to-end fragment of V4 did not hybridize to V3 (data not shown). Thus, the termini of V3 and V4 are distinct, and if a single region of micronuclear DNA gives rise to both of these macronuclear DNA molecules, then alternative use of chromosome fragmentation sites is likely involved. Second, there are a number of differences in the restriction maps of the two macronuclear DNA molecules and the cross-hybridizing region of LEMICV (Fig. 1B) , suggesting that alternative internal rearrangements must also occur. For example, fragment N of LEMICV (Fig. 1B) hybridized to V3 but not to V4, indicating that this region would have to be removed from V4 but not from V3.
IESs in the micronuclear precursors of macronuclear DNA molecules. On the basis of the above sequencing analyses and additional hybridization analyses, a number of conventional IESs were defined in the regions of LEMICD and LEMICV that give rise to macronuclear DNA molecules during development (large regions of repetitive DNA also interrupt the Vl and D7 precursors and are discussed in the following section). Comparison of the sequenced region of LEMICV with the corresponding sequenced regions of the macronuclear clones revealed that IESs of 374, 31, and 144 bp interrupt the micronuclear copies of the Vi, V2, and V3 genes, respectively (Fig. 3C ). In common with IESs sequenced in other hypotrichs (23, 31, 40) Fig. 1 . The direct repeats at the ends of IESs are doubly underlined, and IES inverted repeats are underlined by arrows, with gaps denoting mismatches. The sequences of macronuclear DNA molecules D7, D8, Vl, V2, and V3 are not explicitly shown, but they were found to be identical to the LEMICD and LEMICV sequences shown, with the exception of the IESs indicated. In addition, all ends of the cloned macronuclear DNA molecules possessed 28 bp of the telomeric repeat sequence C4A4.
t ta t tggggt t t t taagt tgt tagagaaa t tagWaatcaat t t t t t tgggaCAAAATATTCAAATlTMTTAATTTAAAAGCAG
direct repeats for the 374-, 31-, and 144-bp IESs are 5'-ATAT-3', 5'-TA-3', and 5'-ATA-3', respectively. Short imperfect inverted repeats, also a common feature of IESs in other hypotrichs, were found near the termini of the 374-and 144-bp IESs but not near the termini of the small 31-bp IES (Fig. 3C) . ( Fig. lB and 4A ). This implies that one or more IESs totalling approximately 280 bp are removed from this region during the maturation of the Vl gene. In the case of V3, the 460-bp SstI-BgIII fragment of the macronuclear clone hybridized to a 900-bp SstI-BglII fragment in LEMICV (Fig.  1B and 4B (Fig. 3A and B) , and all restriction fragments derived from internal regions of the micronuclear and macronuclear copies of D8 appeared to be identical in size when subjected to side-by-side gel electrophoresis. This is the first instance in which a micronuclear copy of a gene in a hypotrichous ciliate has been found to lack an IES.
Large repetitive DNA elements interrupt the precursors of Vl and D7. During the above analyses it became evident that the entire precursors of Vi and D7 were not contained in their respective micronuclear clones, despite the fact that the inserts were sufficiently large to contain them in their entirety. To determine the extent of Vl sequences in the micronuclear clone, LEMICV was hybridized to a Southern blot of EcoRI-and BglII-digested pMACV1 DNA. Only the 0.78-and 0.74-kbp fragments were detected (Fig. 5A) ; these fragments correspond to approximately the right half of macronuclear Vl (see Fig. 7) . Similarly, LEMICD hybridized only to fragments to the right of and including the 0.33-kbp HindIll fragment of D7 ( Fig. 1A; data not shown) .
Comparisons of the macronuclear and micronuclear restriction maps indicated that the repetitive DNA sequences in both micronuclear clones were at or near the boundaries of the Vi and D7 homologous regions and thus appear to interrupt the precursors of these macronuclear DNA molecules. As such, it was of interest to further characterize the blocks of repetitive DNA.
To determine whether the repeated DNA regions of the two clones were related, restriction fragments from the repetitive region of LEMICD were isolated and used to probe Southern blots containing restriction digests of LEMICV. The results of this analysis are summarized in Fig. 6A . Fragment C of LEMICD hybridized to fragment A of LEMICV, while fragment D of LEMICD hybridized to both fragments A and C of LEMICV (note that under the gel electrophoresis conditions used, the small restriction fragments B and D of LEMICV ran off the gel and were not included in this analysis). Other restriction fragments of LEMICD and LEMICV showed no detectable hybridization to the opposite clone. Thus, the two clones contain related repetitive DNA elements. However, two lines of evidence indicate that the repetitive elements in the two clones are not identical. First, the restriction maps of the cross-hybridizing regions of the two clones cannot easily be aligned (Fig. 6A) . Second, repetitive fragments E, F/G, and H of LEMICV did not hybridize with LEMICD.
To determine whether the repetitive regions represented a large repetitive element or were composed of a smaller tandemly repeated unit, a series of intraclonal hybridizations were performed (data not shown). With the exception of fragments C and H of LEMICV (Fig. 6A) , none of the restriction fragments derived from the repetitive regions of the micronuclear clones hybridized to other fragments within the clone, indicating that the repetitive regions represent a large element (the basis for the cross-hybridization of fragments C and H is discussed below). The entire repetitive region will be referred to as a Tecl element (the basis for this designation is given in the Discussion).
To investigate the general organization of related Tecl elements in the micronuclear genome, repetitive restriction fragments of LEMICD were used to probe Southern blots containing E. crasslus whole-cell DNA digested with a number of restriction enzymes. These results are summarized in Table 1 spectrum of DNA fragments as revealed by a general background smear (Fig. 6B and C) . We interpret these results as indicating that most of the Tecl elements in the micronuclear genome have a conserved restriction map, but that degenerate or rearranged elements which have lost or gained restriction sites are also present. The elements in both LEMICD and LEMICV differed from the conserved element and thus appear to be degenerate copies. For example, fragment C of LEMICD detects predominantly 1.4-and 1.6-kbp fragments in EcoRI and Hindlll digests of whole-cell DNA (Fig. 6C) , respectively, while the corresponding EcoRI and HindIII fragments in the clone are of 1.9 and 1.1 kbp, respectively (Fig. 1A) .
These genomic hybridization experiments also provided a minimum estimate of the size of the majority of the Tecl elements in the micronuclear genome. Fragments A, B, C, and D of LEMICD, which encompass a contiguous region of 5.4 kbp in LEMICD, all detected 4.7-kbp PstI fragments in whole-cell DNA (Table 1 ). This suggests that sequences corresponding to the four LEMICD fragments are generally adjacent in other repetitive elements in the genome. The PstI sites that define the 4.7-kbp genomic fragments are appar- ently conserved internal restriction sites that place the minimum size of the Tecl element at 4.7 kbp.
The copy number of the repetitive element was determined by hybridizing restriction fragments of LEMICD to restriction digests of whole-cell DNA as well as to restriction digests of known amounts of the LEMICD clone which served as copy-number standards. Figure 6C shows the hybridization of the 1.1-kbp HindlIl fragment of LEMICD (fragment C) to HindIll-and EcoRI-digested whole-cell DNA. Densitometric scanning of the major discrete bands on the autoradiogram indicated that there were 1.5 (Fig. 7) . The rightmost 8.8 kbp of the micronuclear insert in LEMICGM6 were found to be composed of repetitive DNA (Fig. 7) . We suggest that this repetitive region is an extension of the interruption encountered in LEMICV, but this has not been proven since the inserts of LEMICGM6 and LEMICV do not overlap. Repeated attempts to isolate a clone that includes the entire interruption in the Vi precursor were unsuccessful. It is likely that the size of the interruption is larger than the maximum insert size of the cloning vector used to construct the micronuclear library. For purposes of discussion, it will be assumed that the micronuclear sequences represented by the insert of LEMICGM6 are located to the left of the LEMICV insert on the same micronuclear chromosome.
The insertion point of the Tecl element was localized to regions of the two micronuclear clones that give rise to the 0.31-kbp BglII-PstI fragment of the macronuclear Vi DNA molecule (Fig. 7) . To examine the ends of the repetitive element, the sequence of the 0.31-kbp BglII-PstI fragment of pMACV1 was determined, as well as the regions of micronuclear clones LEMICGM6 and LEMICV that contained the ends of the element (Fig. 7 and 8A) . The exact length of the macronuclear DNA fragment was found to be 312 bp. The first 270 bp of sequence to the left of the single PstI in LEMICV (Fig. 7) matched the macronuclear sequence (Fig.   8A) . Thereafter, the homology to macronuclear Vi ended, which defined the start of the Tecl element (Fig. 8a) (Fig. 7) is shown with a portion of the sequence of LEMICGM6 beginning within the Tecl element and extending to a BgIll site (Fig.  7) . Bases which form the 312-bp Pstl-BglIll fragment of macronuclear Vl are shown in uppercase letters, while the terminal bases of the Tecl element are shown in lowercase letters. The 3-bp direct repeats bracketing the Tecl element are underlined. The sequence of the 312-bp PstI-BglIl fragment of pMACV1 is not explicitly shown but it was in complete agreement with the relevant regions of the micronuclear sequences. (B) Sequence of LEMICD beginning at the Hindlll site adjacent to the Tecl element (Fig. 1A) . The first 20 bp (uppercase letters) generate a portion of the 0.23-kbp Hindlll fragment of macronuclear D7, while the bases in lowercase letters constitute the end of the Tecl element. (C) The sequences of the inverted repeats at the Tecl element ends in micronuclear clones LEMICV, LEMICGM6, and LEMICD are aligned to display their similarity. Bases in LEMICGM6 and LEMICD which differ from the LEMICV sequence are shown in lowercase letters. Dashes indicate gaps which were introduced into the sequences to obtain maximum alignment. Sequences beyond the inverted repeats are shown for LEMICGM6 and LEMICD to illustrate their similarity (base differences between the two clones are shown in lowercase letters in this region).
3-bp direct repeat (5'-ATA-3') defines the ends of the Tecl element. For LEMICGM6, there are actually two adjacent 3-bp direct repeats, the first being the last 3 bp of the Tecl sequences removed during the formation of macronuclear Vi and the second being the first 3 bp that form macronuclear Vl (Fig. 8A) . The overall arrangement is similar to that of IESs, in which one copy of the direct repeat is maintained in the mature macronuclear DNA molecule, although in this instance the double direct repeat in LEMICGM6 complicates the situation. In addition, the 180 bp following the direct repeats in LEMICGM6 and the 181 bp following the direct repeat in LEMICV were found to form an inverted repeat. The two inverted repeats were 96% identical, differing only by a small number of single-base changes or 1-bp insertions or deletions (Fig. 8C) . Thus, the terminal structure of the repetitive element interrupting the Vi precursor is very similar to that of transposable elements, which frequently have inverted repeats at their ends and create short sequence duplications at their insertion sites (14, 29) .
In a similar manner, the terminal sequence of one end of the Tecl element in the precursor of macronuclear D7 was determined (Fig. 1A) . In this instance the insertion was localized to a region of LEMICD that gives rise to a part of the 0.23-kbp Hindlll fragment of macronuclear D7 (Fig. 1A) . Sequencing of the 0.23-kbp Hindlll fragment of LEMACD7 and the corresponding region of LEMICD revealed that LEMICD gives rise to the first 20 bp of the macronuclear DNA fragment, after which the Tecl element is encountered (Fig. 8B) . Since the other end of the D7-Tecl element has not been cloned, it was not possible to determine whether a direct repeat was present at the end of the element. However, the first 177 bp of the D7-Tecl are very similar to the inverted repeats of the Vl-Tecl element (73% identical to the inverted repeat in LEMICV [ Fig. 8C]) . Beyond the inverted repeat, the sequence of the D7-Tecl was very similar to the sequence following the inverted repeat in LEMICGM6 (Fig. 8C) . The similarity in sequence beyond the inverted repeat suggests that the Tecl elements in the Vl and D7 precursors, as shown in the current restriction maps ( Fig. 1 and 7) , are inserted in opposite orientations.
The conclusion that the Tecl elements are in opposite orientations seemed at odds with the previous cross-hybrid- ization experiments between the repetitive regions of LEMICD and LEMICV (Fig. 6A) , which indicated that the cross-hybridizing regions were in the same orientation. A possible explanation for this discrepancy arose from further hybridization studies using an inverted-repeat probe. A 0.28-kbp BglII-AatII fragment containing the entire inverted repeat was isolated from LEMICGM6 ( Fig. 8A ) and used to probe a Southern blot containing the three micronuclear clones (Fig. 9) . For LEMICGM6 and LEMICD, only single fragments were detected, corresponding to the positions of the inverted repeats as determined by the sequencing analyses. In a HindIII-EcoRI restriction digest of LEMICV. however, two bands were observed (Fig. 9) : a 2.6-kbp HindIII-EcoRT fragment (fragment H, Fig. 1B) , which corresponds to the location of the inverted repeat found in the sequence analysis, and a 1.4-kbp HindIll fragment (fragment C, Fig. 1 B) . This second fragment defines the end of the LEMICV region that cross-hybridized with LEMICD ( Fig.  6A) and is also the fragment that cross-hybridized with fragment H of LEMICV, which is the fragment that contains the sequenced inverted repeat. A straightforward explanation of these results is that fragment C contains an additional inverted repeat that defines the start of a second Tecl element inserted into the outer Tecl element (Fig. 7) . The internal Tecl element would be inversely oriented relative to the external element on the basis of its homology to LEMICD. The left inverted repeat of the proposed internal element has not been detected. It may reside in the uncloned micronuclear DNA separating LEMICGM6 and LEMICV. Alternatively, the left internal inverted repeat could reside in LEMICGM6 but could have diverged sufficiently so that it is no longer detected by the short inverted-repeat probe.
Additional hybridizations of the inverted repeat probe to total cellular DNA were performed to determine whether the inverted repeat was generally associated with the termini of Tecl elements. Quantitative hybridization experiments with undigested total cellular DNA (performed under reduced stringency and using LEMICGM6 as a copy-number standard) indicated that the repeat was present in 6.4 x 104 copies per cell ( (Fig. 1OA and B) . The restriction digests and probe were chosen so as to detect fragments which both contained homology to Vl and overlapped the right end of the Tecl insertion. Fragments of 2.2, 3.4, and 5.7 kbp were detected in BglII, HinzdIII, and XbaI digests, respectively, of micronuclear DNA isolated from both strains of E. crassus. The sizes of these fragments were all in agreement with the map of LEMICV (Fig. 1B) , indicating that both strains have a micronuclear copy of Vl containing a Tec element. However, an additional band was also observed in each micronuclear digest (Fig. 10A and B) . The sizes of these second bands corresponded to the fragments that would be derived from the macronuclear copy of VI if it was digested with each enzyme. Thus, these additional fragments likely represent a small amount of macronuclear DNA contamination in the micronuclear DNA preparations rather than a second micronuclear form of VI that lacks a Tecl element. This conclusion is supported by the observation that the additional bands varied in intensity in independent preparations of micronuclear DNA (e.g, compare Fig.  1OA and B; data not shown). Overall, the results indicated that all micronuclear copies of Vl are interrupted by a Tecl element.
To determine whether the Tecl element was reproducibly removed from the Vi precursor during macronuclear development, strains GI and NcC1O were mated and four independent cell lines were established from the sexual offspring (strains CC102, CC103, CC104, and CC106). A Southern blot containing BglII-digested whole-cell DNA from each of these new cell lines was then constructed and probed with the 2.5-kbp HindIII-EcoRI (right terminus) fragment of clone pMACV1. For each cell line, four fragments were detected in the hybridization analysis (Fig. IOC) which all had sizes predicted from the restriction map of macronuclear VI (Fig.  7) . These included a 0.74-kbp BglII fragment, which corresponds to the site of the Tecl insertion in the micronuclear copy of VI and whose size would be altered if the Tecl element were not removed. The results thus indicate that the VOL. 9. 1989 A.
B. C. Tecl element is removed from the micronuclear copy of Vl during independent episodes of macronuclear development. As there were no detectable size differences in the 0.74-kbp BglII fragments, the removal of the Tecl element appears to have been similar in each of the cell lines. However, the hybridization method is not sensitive enough to conclude that removal occurred precisely in each of the cell lines. DISCUSSION Micronuclear genome organization in E. crassus. The organization of two cloned segments of E. crassus micronuclear DNA that contain precursors of macronuclear DNA molecules has been examined. The overall results indicate that the micronuclear precursors of macronuclear DNA molecules are organized in a manner very similar to those of previously studied hypotrich species (see Introduction), particularly the well-studied 0. nova. Each of the two clones possessed more than one macronuclear precursor; LEMICD gives rise to both macronuclear D8 and a part of D7, while LEMICV generates at a minimum all or parts of macronuclear Vi, V2, and V3. Thus, the precursors of macronuclear DNA molecules appear to be clustered in the micronuclear chromosomes rather than separated by large segments of DNA that are eliminated during macronuclear development. Sequence analysis indicated that the precursors are indeed closely spaced. D7 and D8 are separated by only 36 bp, while the precursors of V2 and V3 are separated by 400 bp. The precursors of Vi and V2 were found to overlap by 6 bp. Evidence for overlapping precursors has previously been obtained for 0. nova (30) , but the situation was complicated by the presence of multiple variant forms of the macronuclear gene precursors analyzed. Since our data are consistent with only single forms of Vi and V2, the sequence data provide strong evidence that macronuclear gene precursors can overlap. Models for the resolution of overlapping macronuclear precursors are discussed elsewhere (7).
The sequence analysis also indicated that macronuclear gene precursors completely lack telomeric repeat sequences, which is consistent with results obtained for other hypotrich species (11, 31, 39) and T. thermophila (51) and reinforces the conclusion that the telomeric repeats are added to macronuclear DNA molecules during development. The current analysis also provides the sequences in the vicinity of a number of chromosome fragmentation sites and the opportunity to search for conserved sequences that might be involved in directing chromosome fragmentation. This type of analysis has been done and is discussed in conjunction with data on the fidelity of the chromosome fragmentation process in E. crassus (7) .
An additional feature of the precursors of macronuclear DNA molecules is the frequent occurrence of IESs. The precursors of the five cloned macronuclear DNA molecules contain a minimum of eight unique or low-copy-number IESs. Although data concerning the number of macronuclear DNA molecules in E. crassus are unavailable, all hypotrichs examined to date have 10,000 to 40,000 macronuclear DNA molecules (32) . Assuming that E. crassus has a similar number, extrapolation of our results suggests that tens of thousands of IESs exist in the micronuclear genome and are removed during development. The sizes of the sequenced IESs ranged from 31 to 374 bp, which is similar to the sizes of IESs in Oxytricha species (23, 40) . On the basis of hybridization analyses, even larger conventional IESs may exist (Fig. 1) (25) . This was first suggested by similarities in the size, copy number, and consensus restriction sites of the element characterized above to those previously reported by Jahn et al. (25) . To more clearly demonstrate the identity of the elements, these workers have hybridized probes derived from their repetitive DNA elements to our two clones and observed strong hybridization (L. A. Nilles and C. L. Jahn, personal communication). We have jointly agreed to refer to the repetitive blocks of DNA as Tecl (for Transposonlike element, E. crassus) elements.
In their study, Jahn et al. (25) used hybridization analyses to demonstrate that Tecl elements were frequently associated with clusters of macronuclear precursors in a series of randomly selected micronuclear clones. More detailed hybridization analysis of one micronuclear clone suggested that the Tecl element interrupted the precursor of a macronuclear DNA molecule in a manner similar to that which we have observed. In combination with our data, these results suggest that Tecl elements may frequently interrupt macronuclear gene precursors.
Repetitive elements have been observed in other hypotrich species. In 0. nova, a 25-kbp repetitive element is preferentially associated with clusters of macronuclear precursors (9, 26) . The preferential association of this element with macronuclear precursors suggests that it also may interrupt them, but detailed studies of micronuclear clones harboring the element have yet to be performed. A situation that is more clearly relevant to what we have found in E. crassus exists in 0. fallax. Herrick et al. (22) have defined a family of transposonlike elements (TBE [telomere-bearing elements]) in the micronuclear genome of 0. fallax that are eliminated during macronuclear development. Two such TBE1 elements were found in sequences that hybridized to a family of macronuclear DNA molecules generated by alternative processing. It was initially unclear whether the micronuclear sequences containing the elements actually generated the homologous macronuclear DNA molecules because related micronuclear loci lacking the TBE1 elements were found that do give rise to members of the family of macronuclear DNA molecules. More recent data from the laboratory of G. Herrick (D. Hunter, S. Cartinhour, and G. Herrick, personal communication) suggest that the TBE1-bearing locus is also active in generating macronuclear DNA molecules, implying that the TBE1 elements can also be developmentally removed from macronuclear gene precursors.
Developmental removal of transposable elements is not limited to the hypotrichous ciliates. A family of transposons has been identified in the holotrichous ciliate T. thermophila that is largely eliminated during development of the macronucleus (10). In addition, at least some copies of a retroviruslike element in the nematode Ascaris lumbricoides are eliminated from somatic cells but not from germ cells (1) . In these cases it is not clear whether the element excises independently or is simply eliminated because it is embedded in other sequences destined to undergo developmental elimination.
We and others have previously pointed out the similarity of IESs and transposable elements on the basis of terminal structure and suggested that the two might be related (22, VOL. 9, 1989 40). That is, IESs might be degenerate transposable elements that retain cis-acting sequences necessary for excision, but intact elements present elsewhere in the genome would be required to encode trans-acting excision factors. In 0. nova, no evidence for this scenario was obtained, as hybridization studies indicated that the IESs are unique sequences in the micronuclear genome (40) . The observation that E. crasslus contains conventional IESs (unique sequences) and Tecl elements, which are both removed from macronuclear precursors, again raises the possibility that the two are related. Although no significant sequence similarity is consistently observed between internal regions of the IESs and the sequenced regions of the Vl-Tecl element, the direct repeats that bound the IESs (5'-ATAT-3', 5'-TA-3', and 5'-ATA-3') and the Vl-Tecl (5'-ATA-3') are similar. All have direct repeats that consist of two to four AT base pairs, and the dinucleotide 5'-TA-3' is shared by all the direct repeats. If the direct repeats arise by target site duplication during insertion, as is the case with conventional transposable elements, it is possible that both the IESs and Tecls insert specifically at a 5'-TA-3' genomic site, creating a 2-bp duplication. The fact that the Vl Tecl and some of the IESs have longer direct repeats is not inconsistent with this, as the length of the repeats we observed was, in effect, a maximum length. In some cases, one expects nucleotides preceding or following the functional direct repeats to be identical by chance, giving the appearance of a longer direct repeat. Interestingly, the Tcl transposable element of Caenorhabditis elegans appears to integrate exclusively at 5'-TA-3' genomic sites (21) .
The removal of Tecl elements and IESs from macronuclear precursors is also similar to developmental DNA breakage and joining processes that are required for gene assembly and expression. These include rearrangements involving a gene encoding a sporulation-specific sigma factor in Bacillus subtilis (48) , nitrogen fixation genes in Anabaena spp. (18) , and immunoglobulin and T-cell receptor genes in vertebrates (2) . We expect that some Tecl elements will be found to interrupt the coding regions of macronuclear gene precursors, so that Tecl removal may represent an analogous means of activating genes during macronuclear development. Alternatively, it has been noted that the ciliate micronucleus is an ideal haven for selfish DNA (25, 40) . Because the micronuclear genome is transcriptionally inactive, insertion of sequences such as IESs and Tecls into the precursors of macronuclear DNA molecules would have no immediate effect on the cell. If such sequences possess the ability to be removed during macronuclear development, they would also have little long-term effect on the organism and would be expected to proliferate in the micronucleus.
It is possible that the Tecl elements are at least partially responsible for their own removal. Some transposable elements are known to encode factors involved in their excision (41) . Similarly, in Anabaena spp., a gene has been located within eliminated DNA that is required for the DNA breakage and joining event which forms an intact nitrogen fixation gene (18) . If Tecl elements are indeed transposons that encode excision functions, further study of these elements may provide insight not only into how they themselves are developmentally removed but also into how IESs are removed. It will be particularly important to determine whether Tecl elements are transcriptionally activated during macronuclear development and whether they exist as free forms. Again, the ability to produce synchronous cultures of E. crassus undergoing macronuclear development will be extremely useful in this regard.
